Human T-lymphotropic virus type 1 (HTLV-1) encodes a transcriptional activator, Tax, whose function is essential for viral transcription and replication. Tax transactivates the viral long-terminal repeat through a series of protein-protein interactions which facilitate CREB and CBP/p300 binding. In addition, Tax dissociates transcription repressor histone deacetylase 1 interaction with the CREB response element. The subsequent events through which Tax interacts and communicates with RNA polymerase II and cyclin-dependent kinases (CDKs) are not clearly understood. Here we present evidence that Tax recruits positive transcription elongation factor b (P-TEFb) (CDK9/cyclin T1) to the viral promoter. This recruitment likely involves proteinprotein interactions since Tax associates with P-TEFb in vitro as demonstrated by glutathione S-transferase fusion protein pull-down assays and in vivo as shown by coimmunoprecipitation assays. Functionally, small interfering RNA directed toward CDK9 inhibited Tax transactivation in transient assays. Consistent with these findings, the depletion of CDK9 from nuclear extracts inhibited Tax transactivation in vitro. Reconstitution of the reaction with wild-type P-TEFb, but not a kinase-dead mutant, recovered HTLV-1 transcription. Moreover, the addition of the CDK9 inhibitor flavopiridol blocked Tax transactivation in vitro and in vivo. Interestingly, we found that Tax regulates CDK9 kinase activity through a novel autophosphorylation pathway.
Human T-lymphotropic virus type 1 (HTLV-1) is the causative agent of adult T-cell leukemia and the neurological disorder HTLV-1-associated myelopathy/tropical spastic paraparesis (22, 34, 51, 56, 76) . Studies have shown that the transactivator protein Tax, which is encoded by the pX region of HTLV-1, is a potent activator of the HTLV-1 long terminal repeat (LTR) (4, 16-18, 31, 33, 55, 58) . Three highly conserved 21-bp repeat elements located in the LTR, termed Tax response elements (TRE), are critical to Tax-mediated transcription activation (5, 14, 61, 62, 75) . Tax facilitates binding and associates with the LTR through interaction with CREB (1, 2, 23, 25, 69, 80) . The formation of the Tax-CREB promoter complex serves as a binding site for the recruitment of multifunctional cellular coactivators CBP, p300, and PCAF (24, 28, 32, 38, 40) . Tax has also been shown to interfere with the binding of transcription inhibitors, such as histone deacetylase 1, to the viral LTR (45) .
At least three cyclin-dependent kinases are involved in the regulation of different stages of mRNA synthesis. Cyclin-dependent kinase 7 (CDK7), along with cyclin H and MAT1, forms a complex known as CAK, which is part of the general transcription factor TFIIH (13, 46, 63, 73) . The second kinase, CDK9, is a cdc2-like serine/threonine kinase initially isolated by screening a human cDNA library using oligonucleotide probes to identify CDK-related proteins (26) . Consistently, the 43-kDa CDK9 protein shares a high degree of homology with cdc2, cdk2, cdk3, and cdk5. Understanding of the CDK9 function was facilitated by the discovery that CDK9 was the kinase subunit of the positive transcription elongation factor b (PTEFb), which supports transcription elongation (57) . The primary cyclin partner of CDK9 is cyclin T1, but complexes may also include cyclin T2a, T2b, or cyclin K (19, 53) . A large percentage of P-TEFb is found in an inactive complex with 7SK RNA and HEXIM1 (47, 49, 72, 74) . The mature and active form of P-TEFb consists of a heterodimer of CDK9/ cyclin T1 in association with Brd4, which localizes to the nucleus (30, 50, 71) . The third kinase, CDK8, forms a complex with cyclin C and has been reported to interact with the RNA polymerase II (RNAP II) holoenzyme and MED/SRB-containing complexes, such as TRAP/SMCC and NAT, which negatively regulate activated but not basal transcription (39, 41, 60, 67) . The primary target of the transcription-related CDKs (CDK7, -8, and -9) is the RNAP II carboxyl-terminal domain (CTD) which is composed in humans of 52 repeats of the heptad peptide Tyr-Ser-Pro-Thr-Ser-Pro-Ser, which is conserved among most eukaryotes (7, 35, 52) . As analyzed both in vitro and in vivo, TFIIH preferentially phosphorylates Ser 5 of the RNAP II CTD within promoter regions facilitating promoter clearance (36, 65, 70) . P-TEFb prefers to phosphorylate Ser 2 of the RNAP II CTD (20, 82) . CDK8 appears to phosphorylate the CTD on mainly Ser 5 within the heptapeptide repeat, although Ser 2 phosphorylation also has been reported (29, 59, 67) . Given the redundancy of the CTD repeats, it is of interest that Pinhero et al. reported that the three CDKs preferentially phosphorylate different parts of the CTD (54) .
In this paper, we present several lines of evidence that CDK9 is critical for Tax transactivation. A small interfering RNA (siRNA) to CDK9 specifically inhibits Tax transactivation in vivo. Expression of CDK9 overcomes the block to transcription. Then, the potent CDK9 inhibitor flavopiridol inhibits Tax transactivation in vitro and in vivo. Lastly, the depletion of CDK9 from HeLa extracts abolishes Tax-acti-vated transcription. These observations provide evidence that CDK9 is directly required for Tax transactivation. P-TEFb is recruited into the HTLV-1 preinitiation complexes in the presence of Tax. The recruitment of P-TEFb to the promoter may be through direct interaction of Tax with P-TEFb, which has been demonstrated in vitro with glutathione S-transferase (GST)-Tax binding assays and in vivo through coimmunoprecipitation and colocalization experiments. Of particular interest is our report that Tax induces the phosphorylation of CDK9 at threonine 29 (Thr-29). We present further evidence that this autophosphorylation results in an inhibition of CDK9 kinase activity, suggesting that Tax utilizes CDK9 to provide a checkpoint in viral transcription.
MATERIALS AND METHODS

Materials.
Recombinant baculovirus containing human P-TEFb was kindly provided by David Price (University of Iowa). The recombinant P-TEFb complex, comprised of His-tagged CDK9 and cyclin T1, was expressed in Sf9 cells by the use of recombinant baculovirus and purified as described previously (53) . His-tagged Tax and CREB proteins were produced as described previously (44, 45) . Flavopiridol (Aventis, Inc.) was dissolved in dimethyl sulfoxide (DMSO) to 10 mM and stored at Ϫ80°C. The stock was diluted to 0.1 mM in DMSO, and a set of serial dilutions in 4% DMSO was used to give the indicated concentration. The final concentration of DMSO in the kinase assays was less than 1%. Antibodies used here included anti (␣)-CDK9 (Biodesign), ␣-CDK7 and ␣-RNAP II (N-20) (Santa Cruz), and ␣-Ser2P CTD (H5) and ␣-Ser5P CTD (H14) (Covance).
Mutation and purification of P-TEFb. Site-specific mutations for CDK9HA T29A and T29E were introduced using PCR. Briefly, the cDNA, including the 0.64-kb KpnI fragment in the CDK9 coding region, was amplified with the following sets of oligonucleotides: T7 (Novagen) and T29A/E-R and T29A/E-F and CDK720R. All PCR products were isolated and used as templates for the second PCR. The second PCRs were performed with T7 and CDK720R as the forward and reverse primers, respectively. The final PCR products were isolated and digested with KpnI. The wild-type (WT) CDK9 expression plasmid was digested with KpnI, and the larger fragment, including the backbone plasmid, was isolated and used as a vector to clone the mutagenic PCR product digested with KpnI. The resulting clones were verified by nucleotide sequencing. The oligonucleotide sequences were as follows: for T29A-F, GCCAAGATCGGCC AAGGCGCCTTCGGGGAGGTGTTCAAG; for T29A-R, CTTGAACACCTC CCCGAAGGCGCCTTGGCCGATCTTGGC; for T29E-F, GCCAAGATCGG CCAAGGCGAGTTCGGGGAGGTGTTCAAG; and for T29E-R, CTTGAAC ACCTCCCCGAACTCGCCTTGGCCGATCTTGGC. Mutation sites are indicated with underlines.
293T cells were transfected with wild-type and mutant CDK9-hemagglutinin (HA) expression plasmids using Lipofectamine 2000 (Invitrogen) as described by the manufacturer. Transfected cells were lysed in lysis buffer (50 mM Tris-HCl [pH 7.5], 120 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol [DTT], 0.5% NP-40, 20% glycerol, 5 mM NaF, 0.2 mM Na 3 VO 4 , and 1ϫ protease inhibitor cocktail [EDTA free; Roche]). The cell extracts were immunoprecipitated with anti-HA affinity matrix (Roche) by incubation for 2 h at 4°C. Subsequently, the beads with the precipitated proteins were washed four times with lysis buffer and eluted with HA peptide (1 mg/ml). The eluted proteins were dialyzed against buffer containing 20 mM Tris-HCl (pH 7.5), 100 mM KCl, 0.1 mM EDTA, 0.1 mM DTT, and 10% glycerol.
CTD kinase assay. The CTD kinase assays were performed by mixing 100 ng GST-CTD, 100 ng P-TEFb, 100 M ATP and 10 Ci [␥-
32 P]ATP and incubating for 60 min at 30°C. The total reaction volume was 20 l, and the final conditions were 50 mM Tris-HCl (pH 7.5), 5 mM DTT, 5 mM MnCl 2 , and 4 mM MgCl 2 . The phosphorylated GST-CTD was precipitated with glutathione-Sepharose beads and fractionated by electrophoresis on 8% sodium dodecyl sulfate (SDS)-polyacrylamide gels followed by autoradiography.
Analysis of Ser 2 phosphorylation of CTD. The CTD kinase assays were performed by mixing 100 ng GST-CTD, 100 ng P-TEFb, and 100 M ATP and incubating for 60 min at 30°C. CTD phosphorylation was analyzed by Western blotting with ␣-Ser2P CTD (H5) antibody.
CDK9 autophosphorylation assay. Autophosphorylation assays were performed by mixing 100 ng P-TEFb and 10 Ci [␥- 32 32 P-labeled CDK9 was immunoprecipitated with specific ␣-CDK9 antibody and analyzed by electrophoresis on 4 to 20% SDS-polyacrylamide gels followed by autoradiography.
In vitro binding assay. A total of 400 ng of GST-Tax, GST-Tax truncations, GST-M22, GST-M47, or GST was incubated with 200 ng of purified p-TEFb proteins in 50 l GST-binding buffer (50 mM Tris-HCl, 150 mM NaCl, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM DTT, 5% glycerol) at 4°C for 4 h. Fifty microliters of glutathione-Sepharose (50% slurry; Amersham), precoated with 2 g/l of bovine serum albumin (BSA), was added and incubated overnight at 4°C. Complexes bound on glutathione-Sepharose beads were then washed with GST washing buffer (50 mM Tris-HCl, 150 mM NaCl, 1.0% NP-40, 1 mM PMSF, 1 mM DTT, 5% glycerol) four times and eluted in loading buffer by boiling for 4 min. Components of complexes were subjected to 4 to 20% SDS-polyacrylamide gel electrophoresis (PAGE) and analyzed by Western blotting using ␣-CDK9 antibody.
In vivo coimmunoprecipitation assay. HTLV-1-transformed T-cell C81 nuclear extracts were made in lysis buffer (20 mM HEPES [pH 7.3] , 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF). A total of 400 g of nuclear extract was incubated with 30 l of antibody-bound protein A/G beads (Pierce), which were prebound with each of 2 g of ␣-Tax Tab172, ␣-CDK9 polyclonal, or rabbit control immunoglobulin G (IgG) antibody in immunoprecipitation (IP) buffer {25 mM HEPES (pH 7.3), 2 mM EDTA, 130 mM NaCl, 0.1% NP-40, 1 mM DTT, 1 mM AEBSF [4-(2-aminoethyl)-benzenesulfonyl fluoride], protease inhibitor cocktail (Roche)} at 4°C overnight. Beads were then washed four times with IP buffer and eluted in SDS-PAGE loading buffer. Immunoprecipitated proteins were subjected to Western blot analysis with either ␣-Tax or ␣-CDK9 antibody.
Immunodepletion of CDK9 from HeLa nuclear extract. Immunodepletion of CDK9 from HeLa nuclear extract was carried out with ␣-CDK9 antibody following the methods previously described (82) Purification of PICs and analysis of protein components of PICs. The purification of preinitiation complexes (PICs) was carried out using biotinylated templates as described previously (44) . Briefly, PICs were assembled by incubating 500 ng of biotinylated HTLV-1 DNA template (4ϫ TRE G-free cassette) with HeLa nuclear extract in the absence or presence of Tax and then purified with streptavidin-coated magnetic beads. Beads were washed, and protein components of PICs were analyzed by Western blotting with ␣-CDK9 or ␣-CDK7 antibody, respectively.
In vitro transcription assay. In vitro transcription (IVT) reactions were set up by mixing HTLV-1 templates, HeLa nuclear extracts, 50 M ATP, 50 M CTP, 1.25 M UTP, 20 Ci [␣-32 P] UTP, and 10 units of RNasin (Promega) in the absence or presence of Tax in 1ϫ IVT buffer. After 50 min of incubation at 30°C, 1 l RNase T1 was added to transcription reaction mixtures and the mixtures were incubated for another 10 min. The radiolabeled transcripts were fractionated by electrophoresis on 6% denaturing polyacrylamide gels and detected by autoradiography.
Chromatin immunoprecipitation assay. The chromatin immunoprecipitation (ChIP) assay was carried out using 6 to 10 g of ␣-CDK9, ␣-CDK7, ␣-Tax (Tab 172), or ␣-RNAP II antibody following the methods previously described (45) . After cross-linking proteins to DNA by 0.5% formaldehyde in SP cells (64) , chromatin was sonicated four times for 10 s each, generating DNA fragments of 100 to 500 bp. The nucleosomes were then precleared with glycogen-coated protein A/G-agarose beads (Pierce). The supernatants were diluted 10-fold with ChIP dilution buffer, and the different antibodies (indicated above) were added. After overnight rotation at 4°C, the immune complexes were collected by the addition of protein A-agarose beads. DNA was purified by proteinase K digestion, phenol extraction, and ethanol precipitation and amplified by real-time PCR using primers specific for the HTLV-1 LTR (nucleotides Ϫ160 to Ϫ139, 5Ј-CCACAGGCGGGAGGCGGCAGAA-3Ј, and nucleotides ϩ102 to ϩ79, 5Ј-TCATAAGCTCAGACCTCCGGGAAG-3Ј) and primers specific for the pX region (nucleotides ϩ6,970 to ϩ6,991, 5Ј-CAGGGTTTGGACAGAGTCTTCT-3Ј, and ϩ7,042 to ϩ7,021, 5Ј-TCTCCAAACACGTAGACTGGGT-3Ј).
␤-Gal assay. pA-18G-BHK-21/Tax cells (3, 45) were cultured in the absence or presence of flavopiridol for 2 days. Cell cultures were then rinsed twice with phosphate-buffered saline (PBS) and lysed, and ␤-galactosidase (␤-Gal) activity was measured with the Galacto-light system (Applied Biosystems). The number of viable cells was determined by the MTT [ 
RNA interference (RNAi). CDK9 siRNA was obtained from Dharmacon. Control chloramphenicol acetyltransferase (CAT) siRNA was obtained from QIAGEN. HeLa cells were seeded in 24-well plates. Twenty-four hours later, the CDK9 SMART pool was transfected at a final concentration of 100 nM by using RNAiFect reagent (QIAGEN) following the manufacturer's protocol. Thirty-six hours after siRNA transfection, 10 ng of pcTax plasmid or control pcDNA3 plasmid, 40 ng of HTLV-luciferase, and 30 ng of pRL-TK were cotransfected using Fugene 6 (Roche). Twenty-four hours later, cells were lysed and dualluciferase assays were performed. HTLV-Luc activity was normalized by Renilla luciferase activity.
Immunofluorescence. For immunostaining, HeLa cells or HCT116 cells (6) were cultured on coverslips and transiently transfected with a Tax expression plasmid. The transfected cells were fixed with 4% paraformaldehyde in PBS and permeabilized in cold methanol. The permeabilized cells were incubated with 10% normal goat serum in PBS for 1 h, followed by immunostaining with ␣-Tax monoclonal antibody and ␣-CDK9 rabbit polyclonal antibody. Alexa Fluor 488-conjugated ␣-mouse IgG antibody and Alexa Fluor 594-conjugated ␣-rabbit IgG antibody were used as secondary antibodies. The immunostained cells then were then mounted with medium containing DAPI (4Ј,6Ј-diamidino-2-phenylindole) (Vectashield, Vector Labs) and visualized by using a Leica confocal microscope.
RESULTS
CDK9 kinase activity is required for Tax transactivation in vitro and in vivo.
We first sought to determine whether CDK9 was important for Tax transactivation in vivo. To down-regulate CDK9 expression, a siRNA directed toward CDK9 was transfected into HeLa cells. Thirty-six hours later, a Tax expression plasmid and the HTLV-1 LTR luciferase reporter were cotransfected into the cells. The results presented in Fig. 1A demonstrated that Tax transactivation was observed in the presence of the control siRNA (bars 1 and 3). In contrast, Tax transactivation was not observed in the presence of the CDK9 siRNA (bars 3 and 4). Importantly, the block to Tax transactivation by the CDK9 siRNA was overcome by the transfection of a high-efficiency expression plasmid for CDK9 (bars 4 and 6).
The Western blot analysis shown in Fig. 1B demonstrated that the CDK9 siRNA decreased the level of CDK9 expression, while the control siRNA did not affect the level of CDK9 expression (lanes 2 and 3). Furthermore, the recovery of Tax transactivation observed as described above was consistent with the restoration of the CDK9 protein level by the transfection of the CDK9 expression plasmid (lane 4). These results provide evidence that CDK9 is required for Tax transactivation.
Results of in vitro transcription assays shown in Fig. 1C further demonstrated that CDK9 kinase activity is required for Tax transactivation. In the absence of Tax, a basal level of transcription from the 4ϫ TRE template was observed (lane 1). The addition of purified Tax to the transcription reaction resulted in a significant increase in transcription (lane 3). Depletion of CDK9 from the extract prior to transcription reduced the level of Tax transactivation to basal levels (lanes 2 and 4). Significantly, the addition of purified WT P-TEFb to the depleted extract recovered Tax transactivation (lanes 5 to 7). In contrast, the addition of mutant P-TEFb containing the kinase-dead CDK9 D167N mutant failed to recover Tax transactivation. These studies provide evidence that CDK9 kinase activity is directly required for Tax transactivation.
Flavopiridol has been shown to preferentially inhibit the kinase activity of CDK9 through stable interaction with the ATP binding pocket (8, 11) . To further test the functional importance of CDK9 kinase activity in Tax transactivation, we tested the ability of flavopiridol to inhibit transcription. In the first series of experiments, increasing concentrations of flavopiridol were added to in vitro transcription reactions in the absence and presence of Tax. The addition of flavopiridol did not inhibit the basal transcription (Fig. 1D, lanes 1 to 6) . In contrast, the addition of increasing amounts of flavopiridol to reactions inhibited Tax transactivation (lanes 7 to 12). Quantitative analysis of the IVT reactions allowed us to calculate a 50% inhibitory concentration (IC 50 ) of approximately 36 nM.
We have also tested the effect of flavopiridol on Tax transactivation in vivo. For these studies, we used the pA-18G-BHK-21 Tax ϩ cell line, which constitutively expresses Tax and contains an integrated copy of the HTLV-1 LTR upstream of the ␤-Gal reporter (3, 45) . Cells were cultured in the absence or presence of flavopiridol. The results shown in Fig. 1E demonstrated that flavopiridol inhibited Tax transactivation in vivo at approximately 20 to 80 nM. Quantitative analysis of the inhibition curve allowed us to calculate an IC 50 of approximately 44 nM. Flavopiridol did not influence the cell growth at the same concentrations (Fig. 1F) . Consistent with these studies, flavopiridol inhibited virus replication in HTLV-1-infected cells (data not shown).
P-TEFb is recruited to the HTLV-1 preinitiation complexes in the presence of Tax. Given the fact that CDK9 plays an important role in Tax transactivation, we next tested whether Tax recruits P-TEFb to the HTLV-1 PICs. In these experiments, a biotinylated DNA fragment containing four copies of the Tax-responsive 21-bp repeat element was incubated with nuclear extract in the absence or presence of Tax protein. Subsequently, the preinitiation complexes were purified and the protein components of purified PICs were analyzed by Western blotting for the binding of CDK7 and CDK9. CDK9 interaction with the PICs was observed but weak in the absence of Tax (Fig. 2A) . In the presence of Tax, a significant increase in the level of CDK9 binding was observed. In contrast, CDK7 was found to be associated with the PICs at roughly equal levels in the absence or presence of Tax. It is important to point out that these are active transcription preinitiation complexes. The addition of nucleotide triphosphates to the PICs resulted in the synthesis of mRNA (Fig. 1C) .
Interaction of Tax with P-TEFb in vitro and in vivo. Since P-TEFb bound to the promoter only in the presence of Tax, the studies suggested the possibility that Tax might interact with and recruit P-TEFb to the transcription complexes. To test this hypothesis, wild-type or mutant GST-Tax fusion proteins were constructed, expressed in bacteria, and purified. GST-Tax proteins were incubated with purified P-TEFb composed of CDK9 and cyclin T1, which had been overexpressed and purified from baculovirus-infected cells. Following incubation, Tax and associated proteins were isolated and the complexes were analyzed by Western blotting. The results presented in Fig. 2B demonstrated that P-TEFb, as assayed by CDK9, interacted with GST-Tax but not the control GST protein (lanes 2 and 8) . Analysis of Tax deletion mutants demonstrated that the carboxyl terminus of Tax was important for interaction with P-TEFb. GST-Tax fusion proteins containing amino acids 245 to 353 or 289 to 353 interacted with P-TEFb (lanes 7 and 9). In contrast, GST-Tax deletion mutants containing fragments of the amino terminus of Tax, including amino acids 1 to 59, 1 to 102, 1 to 204 and 1 to 244, interacted weakly with P-TEFb. GelCode staining of the GST-Tax fusion proteins demonstrated that equivalent amounts of the proteins were added to the binding assays (data not shown).
Since the carboxyl-terminal domain of Tax overlaps the classic M47 domain identified by a two-amino-acid substitution at residues 319 and 320, we next assayed the ability of P-TEFb to bind to the M47 Tax mutant. Tax mutant M22, which contains a two-amino-acid substitution at position 137 and 138, was added as an additional control and was expected to be similar to WT Tax based on the deletion mutant analysis. Equal amounts of purified WT, M22, and M47 Tax proteins were added to the in vitro binding assays. Following incubation, the GST-Tax complexes were purified and analyzed by Western blotting for CDK9. The results of these studies demonstrated that roughly equal amounts of P-TEFb bound to the WT, M22, or M47 Tax proteins (Fig. 2C) . Thus, P-TEFb interacts with the carboxyl terminus of Tax, but the domain is distinguished from the classic M47 domain.
Next, we analyzed the interaction of Tax and P-TEFb in vivo. Nuclear extracts from HTLV-1-transformed C81 cells were immunoprecipitated with either ␣-Tax or ␣-CDK9 anti- We next used immunostaining to determine whether Tax and CDK9 colocalize. Cells were transfected with Tax, and 24 h posttransfection, the cells were immunostained with antibodies to the CDK9 or Tax. Consistent with previous studies, Tax was excluded from the nucleolus and localized to discrete Tax-speckled sites (66) . CDK9 was predominantly located in the nucleus and a portion colocalized with Tax in the Taxspeckled site (Fig. 2E) .
Chromatin immunoprecipitation analysis demonstrates that CDK9 is associated with the HTLV-1 transcription complexes in vivo. Further evidence that CDK9 plays a role in HTLV-1 transcription came from ChIP assays. For these studies, we used the HTLV-1-transformed cell line, SP, which contains a single active integrated copy of the HTLV-1 genome and expresses viral proteins including Tax (64) . Following cross-linking of proteins to the DNA, the DNA was fragmented and immunoprecipitations were performed with control IgG, Tax, CDK7, CDK9, or RNAP II antibody. The precipitated DNA was analyzed by real-time PCR using primers specific for the LTR or Tax coding region. A significant level of Tax, CDK7, CDK9, or RNAP II was found associated with the active LTR promoter (Fig. 3A) . To address the importance of CDK9 kinase activity in promoter complex formation, we treated the cells with the CDK9 inhibitor flavopiridol. In the presence of flavopiridol, there was little change in the level of Tax, CDK7, CDK9, or RNAP II binding to the promoter, suggesting that the formation of the transcription complexes at promoter is not dependent upon CDK9 kinase activity. With the Tax-coding-region probe, we found significant levels of CDK9 and RNAP II, but low levels of CDK7 and Tax associated with DNA in the coding region (Fig. 3B) . Although the mechanism has not been analyzed, these results suggest that the interaction between Tax and CDK9 must be dissociated during the transition from initiation to elongation. Not unexpectedly, the addition of flavopiridol inhibited the appearance of transcription elongation complexes, as assayed by either CDK9 or RNAP II, in the coding region. These results support the conclusion that CDK9 kinase activity is required for HTLV-1 transcription elongation.
CDK9 kinase activity is regulated by Tax. Thus far, we have provided several lines of evidence which demonstrate that CDK9 is required for Tax transactivation. The next series of experiments suggests that the initial steps of transactivation involve the temporal inhibition of CDK-9 kinase activity by Tax. Given the interaction of Tax with P-TEFb and its recruitment to the HTLV-1 promoter, it was of interest to analyze the potential effect of Tax on CDK9 kinase activity. In vitro kinase assays were performed by incubating GST-CTD and P-TEFb with [␥-
32 P]ATP in the absence or presence of Tax. Recombinant CREB was included in the assays as a control. Results shown in Fig. 4A demonstrated that P-TEFb phosphorylated the GST-CTD substrate (lanes 1 and 5) . When Tax protein was added, CDK9 kinase activity was inhibited (lanes 1 to 4) . When control recombinant CREB protein was added to the reaction, no decrease in CTD phosphorylation was observed (lanes 5 to 8). These results suggested that Tax specifically inhibits CDK9 kinase activity.
We further analyzed the effect of Tax on CDK9 kinase activity using an antibody specific for phospho-Ser 2 CTD, the primary phosphorylation site of the CTD for CDK9. The results presented in Fig. 4B demonstrated that Ser 2 phosphorylation was decreased in the presence of Tax (lanes 1 to 4) . No decrease in Ser 2 phosphorylation was detected when control CREB was added in the kinase reactions (lanes 5 to 8).
Next, in vitro CDK9 autophosphorylation assays were performed by incubating P-TEFb with [␥- 32 5) . When Tax was added to the reactions, a significant increase in CDK9 autophosphorylation was observed (lanes 1 to 4) . The addition of control CREB protein did not alter the level of CDK9 phosphorylation (lanes 5 to 8). Together, these results suggest the possibility that Tax induces phosphorylation of inhibitory sites in CDK9.
It is important to point out that neither CDK9 phosphorylation nor CTD phosphorylation was detected when the kinase-dead mutant CDK9 D167N was used (data not shown). Therefore, the most straightforward interpretation of the data suggests that the increase in CDK9 phosphorylation with CDK9 WT in the presence of Tax resulted from CDK9 autophosphorylation.
Tax induces CDK9 autophosphorylation at threonine 29. Similar to other CDKs, CDK9 has an ATP binding motif, a catalytic domain, and a putative nuclear localization signal domain (11, 12, 43) . Previous studies have demonstrated that phosphorylation at Thr-14 and Tyr-15 in CDC2 and CDK2 inhibited kinase activity (27, 37) . Given the fact that CDK9 shares approximately 40% amino acid sequence identity with CDC2 and CDK2, we were interested in determining whether there are homologous sites in CDK9 and whether the phosphorylation of these sites regulates CDK9 kinase activity. Therefore, we aligned CDK9 to other CDKs (Fig. 5A) . The alignment suggests that Thr-29 may be the inhibitory phosphorylation site in CDK9.
To test the importance of Thr-29 in CDK9 kinase activity, CDK9 mutants containing Thr-29-Ala (T29A) or Thr-29-Glu (T29E) were constructed, expressed in human fibroblast cells, and purified using anti-HA affinity chromatography. Results of in vitro kinase assays shown in Fig. 5B demonstrated that the mutation of Thr-29 to alanine (T29A) did not affect CDK9 kinase activity, while the mutation of Thr-29 to glutamic acid (T29E) decreased CDK9 kinase activity (lanes 1, 5, and 9). Strikingly, Tax failed to inhibit CDK9 T29A kinase activity (lanes 5 to 8), demonstrating that Thr-29 is critical for Tax inhibition. Furthermore, the addition of Tax did not further inhibit the kinase activity of the CDK9 T29E mutant (lanes 9 to 12), suggesting that the T29E mutation caused the mimicking of Tax-induced phosphorylation at T29. These results therefore suggest that Thr-29 is an inducible inhibitory phosphorylation site in CDK9.
Next, the effect of Tax on CTD phosphorylation at Ser 2, the primary phosphorylation site of CDK9, was analyzed by Western blotting with the antibody specific for phosphor-Ser2 CTD. The results shown in Fig. 5C demonstrated that the changes in Ser 2 phosphorylation mirrored the results obtained with ␥-32 P-ATP radiolabeling. Consistent with the hypothesis that Tax induces phosphorylation at Thr-29, the results shown in Fig. 5D demonstrated that the mutations T29A and T29E abolished Tax-induced CDK9 autophosphorylation, suggesting that Thr-29 is the primary Tax-induced phosphorylation site in CDK9. Taken together, these results provide strong evidence that phosphorylation at Thr-29 inhibits CDK9 kinase activity. Lastly, we have analyzed the interaction between Tax and P-TEFb containing WT, T29A, or T29E CDK9. The results of this assay, shown in Fig. 5F , demonstrate that the binding of Tax to each of the proteins is equivalent. These results rule out the possibility that the inability to inhibit the activity of the mutants is due to the fact that Tax does not interact with the mutant CDK9. The results presented in Fig. 5E demonstrate that equal amounts of the input WT and mutant CDK9 complexes were added to the kinase and binding assays.
Inhibition of CDK9 kinase activity and Tax transactivation. Finally, in vitro transcription assays were performed to determine the biological significance of CDK9 regulation in HTLV-1 transcription. Consistent with the results presented in Fig. 1C , the results shown in Fig. 6 demonstrated that the depletion of P-TEFb decreased Tax transactivation but not 4) . Tax transactivation was restored by addition of P-TEFb containing WT CDK9 (lanes 5 and 6). The addition of P-TEFb containing CDK9 T29A resulted in a similar increase in Tax transactivation (lanes 7 and 8). However, the addition of P-TEFb containing CDK9 T29E failed to activate transcription, consistent with the hypothesis that this mutant mimics the inhibitory phosphorylation at Thr-29 (lanes 9 and 10).
In view of the fact that CDK9 kinase activity is required for Tax transactivation, the results suggest that CDK9 phosphorylation must be a regulated event (Fig. 7) . CDK9 recruited to the promoter in the presence of Tax may initially be phosphorylated at Thr-29 to limit the RNAP II CTD phosphorylation. This step may help maintain stability of the PICs and function as a transcription checkpoint regulator for efficient transition to the elongation complexes. Promoter escape, which is ultimately required to initiate RNA synthesis, would require the removal of the phosphate group at Thr-29 by a cellular phosphatase.
DISCUSSION
In this study, we investigated the importance of CDK9 in Tax transactivation. siRNA and in vitro transcription assays using CDK9-depleted extracts demonstrate that CDK9 is required for Tax transactivation. The fact that the CDK9 inhibitor flavopiridol and a CDK9 kinase-dead mutant block Tax transactivation further demonstrates that CDK9 kinase activity is important to Tax transactivation. Utilizing an immobilized template binding assay, we found that Tax facilitates the binding of P-TEFb to the HTLV-1 promoter. Consistent with these results, using purified proteins we demonstrated that Tax interacts with P-TEFb in vitro. Coimmunoprecipitation and confocal colocalization experiments provided evidence for the as- 6 . Effect of CDK9 inhibition on Tax transactivation. P-TEFb containing WT, T29A, or T29E CDK9 was added back to CDK9-depleted extracts. The in vitro transcription assays were then performed by incubating HTLV-1 templates with these extracts. The radiolabeled transcripts were fractionated by electrophoresis on 6% denaturing polyacrylamide gels and detected by autoradiography. ϩ, with; Ϫ, without.
sociation of Tax with P-TEFb in vivo. Finally, we present evidence that Tax regulates CDK9 kinase activity through a novel autophosphorylation pathway.
TFIIH and P-TEFb are two major kinases involved in the regulation of different stages of transcription. Over the past several years, the details of kinase function have become clearer. After the formation of PICs, the RNAP II CTD is phosphorylated by TFIIH to allow promoter clearance. It has been suggested that CTD phosphorylation induces a conformation change that could decrease the stability of the PICs (77, 78) . It is important, therefore, that the transition from preinitiation to initiation to elongation is regulated to ensure that the proper factors are associated or dissociated, likened to a transcription checkpoint network. Consistent with this concept, it has been proposed that the inhibition of TFIIH kinase activity in PICs by interacting proteins, such as BRCA1, could help maintain RNAP II stability until transcription is initiated and promoter escape is required (48) . Similarly, it could be postulated that the inhibition of P-TEFb kinase activity might facilitate transcription by allowing the orderly and timely progression of transcription complexes from initiation to elongation. As suggested by others, this initial inhibition may allow the preinitiation complex to stably form on the DNA and transition to the elongation complex. This regulation may be more important for some promoters like the HTLV-1 promoter. After initiation, phosphorylated Thr-29 must be dephosphorylated to allow CDK9 kinase activity on the RNAP II CTD and other important substrates. A model for CDK9 regulation through phosphorylation in Tax transactivation is presented in Fig. 7 . It is also possible that Tax inhibits P-TEFb kinase activity to negatively regulate transcription. In HTLV-1-transformed cells, expression from the integrated viral genome is suppressed, giving rise to latency. It would be of interest to determine whether transcriptionally latent genomes have Thr-29-phosphorylated CDK9 associated with the templates.
It is obvious that P-TEFb kinase activity is tightly regulated in cells. A significant portion of P-TEFb is inactivated by the coordinated actions of 7SK snRNA and HEXIM1 protein (47, 49, 72, 74) . The dissociation of HEXIM1 is essential for stressinduced transcription. CDK9 kinase activity is also regulated by cyclin T1 levels (42). Liou et al. showed that, while CDK9 levels remained constant, cyclin T1 protein expression in freshly isolated monocytes was very low, increased early during macrophage differentiation, and decreased to low levels after about 1 week in culture. The kinase and transcription activity of TAK/P-TEFb paralleled the changes in cyclin T1 protein expression. In two recent publications, Brd4 has been shown to interact with the active nuclear P-TEFb fraction (30, 71) . The results presented in this study suggest a distinct molecular mechanism for P-TEFb regulation which involves CDK9 phosphorylation. In light of the results presented in this study, it would be of interest to determine whether CDK9 phosphorylation at Thr-29 is a constitutive or transient event during transcription. Studies are in progress to address this point.
The recruitment and requirement for CDK9 in Tax transactivation was at first surprising. In a previous report published by Chun and Jeang (10) , the investigators found that, by using a Gal-Tax expression vector and a Gal-CAT reporter, Tax transactivation could be detected with a RNAP II containing five CTD heptad repeats. Using column chromatography, the authors further reported that Tax did not interact with CTD kinases as measured by CTD kinase activity. In view of the results presented in this study, which clearly show the importance of CDK9 and its kinase activity for Tax transactivation, it appears that either another substrate is targeted by CDK9 or the Gal-Tax/Gal-CAT assay system is not indicative of Tax transactivation of the LTR. Considering the first alternative, our recent data suggest that CDK9 phosphorylation of SPT5 and Tat-SF1 plays a critical role in human immunodeficiency virus type 1 transcription, so the precedent for other CDK9 substrates has been established (81) . It is also quite conceivable that the activity of Gal-Tax is distinct from Tax. In fact, Adya and Giam have reported that a GST-Tax fusion protein with the GST moiety fused to the NH 2 Intriguingly, the combination of the two agents dramatically enhanced the antitumor effect. The authors also demonstrated that flavopiridol inhibited the proliferation of three Tax-expressing HTLV-1 cell lines at an IC 50 less than 100 nM, inducing both apoptosis and cell cycle arrest. Given the inhibition of Tax transactivation seen in our present studies, it will be of interest to determine whether at least some of the therapeutic effects of flavopiridol are due to the inhibition of viral transcription. A series of reports have shown that several transcription factors, including CIITA, NF-B, Myc, and MyoD, exhibit the ability to recruit P-TEFb to specific promoters, stimulating transcription elongation (21) . This is in agreement with the concept that P-TEFb is a global transcription factor for eukaryotic gene transcription (9, 68) . Therefore, it will be of interest to determine whether the regulation of CDK9 kinase activity through phosphorylation is a universal mechanism for eukaryotic gene expression. Along these lines, preliminary data from this and collaborating laboratories suggest that transcription factors such as TAF7 and Brd4 may regulate P-TEFb kinase activity through similar mechanisms.
